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Zebraﬁshfor many developmental processes, yet differences in the signaling abilities of
various Notch ligands are poorly understood. Here, we have isolated a splice variant of the zebraﬁsh Notch
ligand deltaC in which the inclusion of the last intron leads to a truncation of the C-terminal 39 amino acids
(deltaCtv2). We show that, unlike deltaCtv1, deltaCtv2 cannot function effectively in somitogenesis but has an
enhanced ability to signal during midline development. Additionally, over-expression of deltaCtv2
preferentially affects anterior midline development, while another Notch ligand, deltaD, shows a posterior
bias. Using chimeric Deltas we show that the intracellular domain is responsible for the strength of signal in
midline development, while the extracellular domain inﬂuences the anterior–posterior bias of the effect.
Together our data show that different deltas can signal in biologically distinct ways in both midline formation
and somitogenesis. Moreover, it illustrates the importance of cell-type-dependent modiﬁers of Notch
signaling in providing ligand speciﬁcity.
© 2008 Elsevier Inc. All rights reserved.Introduction
The midline of developing zebraﬁsh embryos includes three cell
types: notochord, hypochord, and ﬂoor plate. The notochord has a
structural role in providing rigidity to the elongating embryo and acts
as a signaling center which patterns the surrounding tissue (Stemple,
2005). Located directly ventral to the notochord, the hypochord is a
transient structure found only in ﬁsh and amphibians. It is thought to
secrete VEGF and play a role in development of the dorsal aorta
(Cleaver and Krieg, 1998). Floor plate cells comprise the ventral
midline of the neural tube (Strahle et al., 2004).
Fate mapping experiments demonstrated that these midline cell
types are derived from common progenitors located in the zebraﬁsh
organizer, or shield (Latimer and Appel, 2006; Latimer et al., 2002;
Melby et al., 1996; Shih and Fraser, 1995). Cell fate decisions between
notochord and hypochord involve Delta–Notch signaling, where
activation of the Notch pathway promotes hypochord fates over
notochord (Appel et al., 1999, 2003; Latimer and Appel, 2006; Latimer
et al., 2002). Moreover, Notch signaling is required for the production
of the appropriate number of ﬂoorplate cells (Latimer and Appel,
2006). Speciﬁcally, embryos mutant for deltaA, deltaC, or deltaD all
show a mild loss of hypochord and an increase in the number of
notochord cells (Appel et al., 1999; Jülich et al., 2005; Latimer et al.,
2002). Loss of multiple deltas, or treatment of embryos with the Notch
chemical inhibitor DAPT leads to a severe phenotype in which thel rights reserved.hypochord is essentially absent (Jülich et al., 2005; Latimer and Appel,
2006; Latimer et al., 2002).
deltaC and deltaD are also required for somite formation (Holley et
al., 2000; Holley et al., 2002; Jülich et al., 2005; Oates et al., 2005; van
Eeden et al., 1996). Somitogenesis is governed by the segmentation
clock, which creates oscillations of gene expression that travel
anteriorly in awave-like fashion through the unsegmented presomitic
mesoderm (PSM) (Holley, 2007). Indeed, deltaC itself is one of these
oscillating genes (Holley et al., 2002; Jiang et al., 2000). We have
previously demonstrated that deltaC and deltaD provide distinct
signals within the segmentation clock (Mara et al., 2007).
Methods
Fish strains
All wild-type ﬁsh were Tü. Mutant ﬁsh were beatit446 (unless otherwise speciﬁed as
beathf102) and aeitg249. All zebraﬁsh were handled in accordance to standard protocols
(Nüsslein-Volhard and Dahm, 2002) approved by the Yale University Institutional
Animal Care and Use Committee.
In situ hybridization
Standard and double ﬂuorescent in situ hybridization were carried out as
previously described (Jülich et al., 2005). Fluorescent images were acquired on a
Zeiss Axioplan 2 microscope using a 10× objective and OpenLab software
(Improvision).
deltaCtv2 constructs, morpholinos and mRNA injection
deltaCtv2 was cloned into pCS2+ by RT-PCR without the 5′ and 3′ UTRs. D-EXT/C-
INTtv2 contains Met 1–Ile 570 of DeltaD fused to Arg 534–Glu 625 of DeltaCtv2 and was
also cloned into pCS2+. The other chimeric deltas are as described elsewhere (Mara et
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kit (Ambion) and injected at the one cell stage. Morpholinos (Gene Tools) to convert
deltaCtv1 to deltaCtv2 spanned the 5′ and 3′ splice sites of the last intron and had the
sequences 5′-TTGAACATGAACTTACTCTAGTTTG-3′ and 5′-GAGTTTTTCCTGAAATTACG-
GAAAC-3′ respectively and were injected at a concentration of 900 μM each. For the
hypochord rescue experiments, deltaC morpholino (mo2) at a concentration of 500 μM
was injected into deltaD mutant embryos or vice versa (deltaD mo1 at 900 μM) (Holley
et al., 2002). All mRNA's for rescue experiments were injected at 150 ng/μL except for C-
EXT/D-INT, which was injected at 75 ng/μL. Results are presented as averages of three
independent trials. All constructs containing the extracellular domain of deltaC were
coinjected into deltaC−/− embryos with the deltaD morpholino to prevent interactions
between the morpholino and injected mRNA. The same precautions were taken with
constructs containing the extracellular domain of deltaD.
Quantitative RT-PCR
RNA was extracted from whole embryo lysates at various stages and used to make
cDNA. qPCR reactions were performed using Dynamo HS SYBR Green (Finnzymes) with
an AbiPrism 7900HT thermocycler (Applied Biosystems). All results are averages of
three trials from independent RNA preparations. Primers for deltaCtv1 were 5′-
CAAACAACAAACTAGACTTTTTGAGAC-3′ and 5′-GATTGAAGAATTCTGCTATACCTCAG-3′.
The former primer is situated along the 5′ splice site and binds only deltaCtv1. The latter
primer was also used for deltaCtv2 in combination with 5′-GTGGATGTGTTTCCGTAATTT-
CAGG-3′ which is located within the unspliced intron of deltaCtv2. To compare levels of
deltaC transcripts between genotypes, deltaC levels were normalized to β-actin
expression. β-actin control primers were as previously described (Keegan et al., 2002).
Results and discussion
While examining the signaling capabilities of deltaC and deltaD in
somitogenesis, we isolated a splice variant of deltaC that retained theFig. 1. Identiﬁcation of a splice variant of deltaC. (A) A diagram of the transcript structure o
sequence is red. Morpholino binding sites are indicated by the black bars. Primers used to q
Protein alignment of the intercellular domain of several Deltas. (D) The relative abundance of
bars indicate standard deviation.ﬁnal, 90 base pair intron (deltaCtv2). Retention of this intron led to an
immediate stop codon and deletion of the 39 C-terminal amino acids
of DeltaC (Figs. 1A–C). We were unable to detect a unique expression
pattern for deltaCtv2 using a probe speciﬁc only to the 90 bp intron,
likely due to its short length and high AT content. Therefore, we
measured the amount of deltaCtv2 transcript relative to deltaCtv1 by
qPCR at the shield, 5 somite, and 15 somite stages. We found that
approximately 15.6% of deltaC transcripts were of the deltaCtv2 variety
at shield. This level dropped to 10.2% and 5.7% at the 5 somite and 15
somite stages, respectively, suggesting that deltaCtv2 might play a role
in early development (Fig. 1D).
While the C-terminal regions of Deltas are not well conserved,
almost all Deltas in vertebrates terminate in a highly conserved ATEV
motif which binds to PDZ domain proteins (Mizuhara et al., 2005; Six
et al., 2004). Indeed, the ATEV motif of deltaCtv1 binds MAGI
scaffolding proteins in vitro and co-localizes with MAGI in cell culture
and in embryos (Wright et al., 2004). These proteins affect Delta
localization and may alter its signaling capacity. Ubiquitination and
internalization of Delta is also important for Delta–Notch signaling
(Itoh et al., 2003). deltaCtv2 lacks the ATEV domain and three lysine
residues (potential targets of ubiquitination) perhaps suggesting that
its biological function differs from deltaCtv1 (Fig. 1C).
Without a way to selectively inhibit only deltaCtv2, we used splice
blocking morpholinos to convert endogenous deltaCtv1 transcript to
the intron containing deltaCtv2 form (Fig. 1B). Upon injecting the
morpholinos into WT embryos, we detected a substantial increase in
the relative amount of deltaCtv2 as compared to deltaCtv1. qPCRf both versions of deltaC. (B) An expanded view of the boxed area in (A). The intronic
uantify deltaCtv1 are in blue and orange. Primers for deltaCtv2 are green and orange. (C)
deltaCtv2 during early development, graphed as a percentage of total deltaCmRNA. Error
128 A. Mara et al. / Developmental Biology 318 (2008) 126–132analysis of deltaC transcripts in injected 15 somite stage embryos
showed that deltaCtv2 accounted for 88.4% of all deltaC transcripts as
opposed to only 5.7% in uninjected embryos (Fig. 2A). Via normal-
ization to β-actin expression, we found that the level of deltaCtv1 in
morpholino injected embryos was only 8.8% of the wild-type level.
To test whether deltaCtv2 could signal during somitogenesis, we
injected the morpholino into wild-type embryos and screened for
irregular somite borders. All injected embryos formed normal somites
(data not shown)most likely due to the remaining deltaCtv1 transcripts
shown via qPCR. To address this possibility, we tested the ability of the
morpholinos to affect somitogenesis in deltaC heterozygous mutant
embryos (deltaC+/−), where the gene dosage of deltaCwas reduced (By
normalizing to β-actin expression, we observed that the level of del-
taCtv1 in 15 somite stage deltaCtit446 heterozygotes was 28.9% of wild-
type). Interestingly, the endogenous level of deltaCtv2 was elevated in
uninjected deltaCtit446 heterozygotes to 21.2% of total deltaC transcript,
but, in the beathf102 heterozygotes allele, deltaCtv2 represents 11% of
deltaC transcript, similar to the levels found in wild-type embryos. For
the morpholino injections, we used the beatit446 heterozygotes
because it is likely a null allele harboring a premature stop codon in
the extracellular domain while beathf102 allele has a deletion of the
DSL domain. Neither heterozygote has a segmentation defect on its
own (Jülich et al., 2005). However, in morpholino injected beatit446
heterozygotes, the proportion of deltaCtv2 was raised to 99.0%, and the
embryos exhibited a segmentation defect posterior to somites 10–11
(Figs. 2B–D). Normalization to β-actin expression showed that these
embryos had only 1.0% of the deltaCtv1 seen inwild-type embryos. The
phenotype in morpholino injected deltaC+/− embryos was less severe
than in deltaC/beamter homozygous mutant ﬁsh, likely due either to
the remaining properly spliced deltaCtv1 or a very limited ability of
deltaCtv2 to signal during somitogenesis.
We next injected in vitro transcribed deltaCtv2 mRNA into deltaC+/−
embryos to determine whether the somite defect was due to a loss of
deltaCtv1 signaling during somitogenesis, or to a deltaCtv2 gain of
function. These injected embryos formed normal somite borders,
indicating that deltaCtv2 acts as a loss of function allele during
somitogenesis, and thus signals in a manner distinct from deltaCtv1
(Fig. 2D). To further test this hypothesis, we injected the morpholinos
into another sensitized mutant background, deltaD−/− embryos, which
normally form seven or eight proper somite borders. We found thatFig. 2. deltaCtv2 does not signal effectively during somitogenesis. (A) qPCR showing the relativ
deltaCtv2 increase signiﬁcantly in morpholino (mo) injected embryos. The amount of deltaCtv
somite boundaries of deltaC+/− embryos. The ﬁrst disrupted somite border in a morpholino
formed in each experimental condition. n=93, 102, 73, 115 from top to bottom. (E–F) The o
embryos. Arrows indicate the ﬁrst abnormal border. (G) The average number of somites fo
different sets of mutant and sibling embryos were used for the experiments marked in redinjected embryos had an exacerbated somite phenotype, forming only
three or four normal somites. Furthermore, injection of deltaCtv2
mRNA into deltaD−/− embryos had no effect on the onset of somite
defects, reinforcing the hypothesis that deltaCtv2 can not signal
effectively during somitogenesis (Figs. 2E–G). By contrast, injection
of deltaCtv1 into deltaD−/− embryos shifted the somite defect of
embryos anteriorly, further differentiating deltaCtv1 from deltaCtv2.
We had previously used a DAPT somitogenesis recovery assay to
show that deltaCtv1 and deltaD have distinct functions during
somitogenesis. Recovery of normal somitogenesis in deltaD+/−
embryos after transient DAPT treatment is compromised but can be
rescued by injection of deltaD but not deltaCtv1 mRNA (Mara et al.,
2007). To further examine the differences between the deltaCtv1 and
deltaCtv2, we performed this same assay using deltaCtv2. In contrast to
injection of deltaCtv1, which had a detrimental effect on the recovery
rate of deltaD+/− embryos, deltaCtv2 showed no effect, positive or
negative, strengthening the idea that these two isoforms have
different biological functions and that deltaCtv2 has little or no ability
to signal during somitogenesis (data not shown).
Knowing that the two isoforms of deltaC had different activities,
we then turned to examining what role deltaCtv2 might play in
development. We injected RNA for both forms of deltaC into wild-type
embryos and assayed their morphology throughout early develop-
ment. While injection of deltaCtv1 at multiple concentrations had no
obvious morphological effects on development (0.6% at 600 ng/μL),
deltaCtv2 caused a striking loss of notochord (37.5% at 600 ng/μL)
providing further evidence that these two versions of deltaC have
different activities (Table 1, Fig. 3). Similar effects on the notochord
have been described for over-expression of deltaA or the Notch
intracellular domain, suggesting that we had revealed a genuine
function of deltaCtv2 (Appel et al., 1999; Latimer and Appel, 2006).
Notably, there was an anterior bias of the notochord defect in deltaCtv2
injected embryos in that most affected embryos showed normal
notochord posterior to somites 7 to 9 and posterior-speciﬁc
phenotypes were rarely observed (Table 1, Figs. 3C–D).
To determine the cause of the notochord phenotype in injected
embryos, we performed double ﬂuorescent in situ hybridization for α
collagen 2a (αcol2a), which marks hypochord and ﬂoorplate, and no
tail (ntl), which labels the notochord (Schulte-Merker et al., 1994; Yan
et al., 1995). Consistent with previous reports, we found that thee abundance of deltaCtv2 in 15 somite embryos of various genetic backgrounds. Levels of
2 mRNA is graphed as a percentage of total deltaC mRNA. (B–C) titin staining marks the
injected embryo is indicated by the arrow in (C). (D) The average number of somites
nset of border defects in deltaD−/− embryos is shifted anteriorly in morpholino injected
rmed in each experimental condition. n=73, 91, 84, 139, 99 from top to bottom. Two
and yellow. Error bars indicate standard deviation.
Table 1
Different deltas have distinct abilities to promote notochord over hypochord cell fate at speciﬁc positions along the anterior–posterior axis
Construct WT Anterior defect Posterior defect A+P defect Intermediate defect n
deltaCtv1 150 ng/μL 98.3 0 0 0 1.7 181
deltaCtv1 300 ng/μL 97.0 0 0 0 3.0 164
deltaCtv1 600 ng/μL 99.4 0 0 0 0.6 160
deltaCtv2 150 ng/μL 73.4 19.3 0 2.4 4.8 207
deltaCtv2 300 ng/μL 77.0 19.5 0 3.9 3.1 256
deltaCtv2 600 ng/μL 62.5 19.9 0.9 2.8 13.9 216
deltaD 150 ng/μL 71.7 1.9 5.7 18.2 2.5 159
deltaD 300 ng/μL 52.3 0 20.3 22.1 5.4 222
deltaD 600 ng/μL 25.1 0 33.9 35.0 6.0 183
C-EXT/D-INT 75 ng/μL 48.6 17.4 11.8 16.7 5.6 144
C-EXT/D-INT 150 ng/μL 39.0 20.1 9.6 28.5 2.8 249
C-EXT/D-INT 300 ng/μL 18.9 12.6 13.7 53.7 1.1 95
D-EXT/C-INTtv1 150 ng/μL 99.0 0 0 0.5 0.5 196
D-EXT/C-INTtv1 300 ng/μL 98.3 0 0 0.3 1.4 290
D-EXT/C-INTtv1 600 ng/μL 97.3 0 0 0 2.7 295
D-EXT/C-INTtv2 150 ng/μL 89.6 0.5 2.2 0.5 7.1 183
D-EXT/C-INTtv2 300 ng/μL 83.6 0 1.7 0 14.7 177
D-EXT/C-INTtv2 600 ng/μL 62.1 0 7.9 1.7 28.2 177
Embryos were injected with the indicated mRNA and checked at the 24 somite stage for defects in notochord formation. Anterior and posterior defects generally extended from the
7–9th somite to the anterior or posterior end of the paraxial mesoderm, respectively. See Fig. 3 for representative images of each phenotype.
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notochord, in deltaCtv2 injected embryos (Fig. 3) (Appel et al., 1999).
We did not see an obvious increase in ﬂoorplate cells as marked by
tiggywinkle hedgehog (twhh) (data not shown), implying that del-
taCtv2 is speciﬁcally involved in cell fate decisions between notochord
and hypochord. Thus, deltaCtv2 has an enhanced ability to signal
during midline cell fate decisions, further distinguishing it from del-
taCtv1. Recent studies used a heat shock-NICD transgene and DAPT
treatment to assess the effect of activating or inhibiting Notch
signaling at distinct timepoints. These experiments revealed that
trunk hypochord is speciﬁed early in development, prior to 9.5 hpf
(Latimer and Appel, 2006), thus the presence and relative abundance
of deltaCtv2 during early gastrulation, as shown by qPCR, are consistent
with a role in anterior midline development.
The anterior bias in phenotypes of deltaCtv2-injected embryos
suggested that another deltamay be involved in posterior midline cell
fate decisions. Previous work had shown that deltaD was required for
proper speciﬁcation of the zebraﬁsh midline, making it an ideal
candidate to affect the posterior notochord (Latimer et al., 2002). We
overexpressed deltaD by mRNA injection and examined its ability to
affect the midline. Similar to deltaCtv2, deltaD was able to promote
hypochord over notochord, though at a much higher penetrance
(74.9% affected vs. 37.5% at 600 ng/μL). Complementary to the anterior
bias of deltaCtv2, the notochord phenotype of deltaD injected embryos
showed a posterior bias, with the defect beginning after the 7–9th
somite (Table 1, Fig. 3). Furthermore, anterior-speciﬁc phenotypes
were extremely infrequent. The differences in penetrance and
anterior–posterior (AP) bias strengthen and extend our previous
conclusions that both forms of deltaC and deltaD have distinct
activities. Neither version of deltaC or deltaD led to a completely
penetrant notochord defect, and published results for deltaA over-
expression show a similar penetrance (62%) suggesting that some
embryos manage to cope with increased delta levels during midline
formation (Appel et al., 1999). Along these lines, neither wild-type
(n=80) nor beatit446 heterozygous (n=97) embryos showed a midline
defect when injected with our splice blocking morpholinos, indicating
that the increased levels of deltaCtv2 in these embryos are tolerated
during midline speciﬁcation (data not shown).
To further study the differences between deltaD and the two forms
of deltaC, as well as the origin of the AP bias, we created chimeric
constructs in which we swapped the extracellular/transmembrane
and intercellular domains of the Deltas. We then injected these
mRNAs into wild-type embryos and examined their ability to affectnotochord formation. The construct containing the extracellular
portion of DeltaD and the intracellular portion of DeltaCtv2 (D-EXT/
C-INTtv2) caused notochord defects of similar penetrance to deltaCtv2,
i.e. 37.5% and 37.9% penetrance, respectively. Similarly, C-EXT/D-INT
injected embryos showed a profound notochord defect, similar in
strength to that seen in deltaD injected embryos at their respective
maximum concentrations (Table 1). In contrast, D-EXT/C-INTtv1 did
little to notochord formation (Table 1). These results suggest that the
intracellular domain is responsible for the ability to convert notochord
to hypochord. The extracellular domain seems to inﬂuence the AP bias
since both constructs containing the extracellular domain of deltaD
(deltaD itself and D-EXT/C-INTtv2) had a posterior bias (Table 1)
whereas deltaCtv2 had an anterior bias. While C-EXT/D-INT showed no
bias, anterior or posterior, it is also the only construct capable of
disturbing somitogenesis (Mara et al., 2007) suggesting it has
neomorphic effects that are difﬁcult to interpret. In all cases, loss of
notochord was due to an expansion of hypochord tissue, as evidenced
by αcol2a and ntl double labeling (Fig. 3). Together these data indicate
that the distinct biological functions of the deltas are due to
differences in the extracellular and intracellular domains (Mara et
al., 2007).
During midline development, there is signiﬁcant redundancy
between deltaA, deltaC and deltaD. Loss of any of the deltas alone
gives a weak midline phenotype, and lack of deltaD or deltaC does not
appear to preferentially affect the anterior or posterior midline.
However, loss of two of the three deltas can give a strong midline
phenotype along the entire body axis. Embryos missing both deltaC
and deltaD function almost completely lack hypochord (Jülich et al.,
2005; Latimer et al., 2002). To verify the results of our over-expression
studies, we tested the ability of both forms of deltaC, deltaD, and the
chimeras to rescue hypochord formation when injected at low levels
into embryos in which both deltaC and deltaD function had been
impaired. After injection, rescue of hypochord formation was scored
by in situ hybridization for αcol2a (Figs. 3K–N). As expected, deltaCtv2
was much more effective at rescuing hypochord formation than was
deltaCtv1 (88.9% n=76 vs. 23.3% rescue n=72, respectively), supporting
our previous conclusions. deltaD (97.8% n=91) and C-EXT/D-INT
(96.1% n=80) were both extremely effective at rescuing hypochord
cell fates, as predicted by their strong promotion of hypochord over
notochord in the over-expression assays. D-EXT/C-INTtv2 also rescued
hypochord formation (98.7% n=75). Oddly, D-EXT/C-INTtv1 was able
to rescue hypochord defects, albeit at lower levels (71.5% n=74),
despite its minimal effects on notochord formation in our earlier
Fig. 3.Over-expression of different deltas promotes hypochord cell fates over notochord at distinct positions along the anterior–posterior axis. (A–J) DIC and ﬂuorescent in situ images
of embryos with notochord to hypochord conversions at different positions along the anterior–posterior axis. DIC images are at 24 somites, while in situ images are at 24 hpf. ntl
expression (red) marks the notochord, while αcol2a (green) shows the ﬂoor plate and hypochord. Embryos lacking notochord entirely are present, but have a twisted body axis and
cannot be imaged easily via ﬂuorescence, hence a weaker phenotype with some residual ntl expression is shown in (H). (K–M) Embryos at the 24 somite stage stained for αcol2a.
Injection of some deltamRNAs can rescue hypochord formation in embryos where both deltaC and deltaD function have been impaired (i.e. deltaC−/− embryos injected with a deltaD
morpholino). Select hypochord cells are marked by arrows or brackets.
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INTtv1 did have some rescue ability, we never saw extra hypochord in
these experiments as was the case with all of the other rescue
constructs (Fig. 3N). In rescue experiments injected with deltaD, D-
EXT/C-INTtv2, deltaCtv2, and C-EXT/D-INTextra hypochord was present
in 40.4%, 31.0%, 9.2%, and 35.9% of embryos, respectively. None of the
constructs showed an AP bias in their ability to rescue hypochord
development.
In total, the rescue experiments support our over-expression and
morpholino experiments and provide a strong argument for differential
signaling activities between the two isoforms of deltaC and deltaD.
Additionally, our ﬁnding that both the extracellular and intracellular
domains contribute to differences in signaling suggests that a
combination of tissue speciﬁc Notch signaling modiﬁers likely plays
an important role in distinguishing the signals from different Deltas.Our data identify an additional level of diversity in Notch signaling.
While previous work has shown that different Notch ligand families
(i.e. Delta vs. Serrate) (Doherty et al., 1996; Fleming et al., 1997) or
members of the same family (DLL1 and DLL3 in the mouse) (Ladi et al.,
2005) can have different activities, we have demonstrated that
distinct signals derive from splice variants of a single ligand. Stability
of the transcript and/or protein does not explain these differences, as
during the segmentation period, each show high activity in either tail
somitogenesis or tail midline development. Over-expression of del-
taCtv1 adversely affects recovery of tail somitogenesis after DAPT
treatment indicating that it can affect events even late during the
segmentation period. During this same time period, ectopic expres-
sion of deltaCtv1 has little effect on midline speciﬁcation. Similarly, the
ectopic expression of deltaD-EXT/deltaC-INTtv2 affects tail, but not
anterior trunk, midline development indicating that constructs
131A. Mara et al. / Developmental Biology 318 (2008) 126–132containing the intracellular domain of deltaCtv2 are also present and
active after gastrulation during the segmentation period. However
during the same time period, ectopic expression of deltaCtv2 has no
affect on the recovery of tail somitogenesis after DAPT treatment. Thus
neither the deltaC splice variant nor the truncated intracellular
domain appears to appreciably affect the perdurance of the injected
gene product relative to the injected full length products (Mara et al.,
2007). The presence or absence of the ATEV domain also fails to
explain these differences, as both deltaD and deltaCtv2 can affect
notochord formation despite the presence, or absence of an ATEV
domain, respectively.
lunatic fringe activity may explain part of the differential signaling
seen during midline formation. Fringe proteins glycosylate Notch, and
in Drosophila, this modiﬁcation increases Notch's ability to bind Delta
and reduces its afﬁnity for Serrate (Bruckner et al., 2000; Moloney et
al., 2000; Panin et al.,1997). lfng is known to be involved inmidline cell
fate determination, and appears to potentiate deltaD signaling, though
its effect on deltaC is unknown (Appel et al., 2003). Thus, it is possible
that glycosylation of Notch may increase or decrease its afﬁnity for
DeltaD, explaining some of the differences between DeltaC and DeltaD
in this process. Supporting this reasoning, chimeric analysis indicated
that the posterior bias of midline effects seen after deltaD over-
expression was likely encoded by the extracellular domain, consistent
with this effect being modulated by lfng. Modiﬁcations by Fringe
proteins do not appear to contribute to differences in signaling during
somitogenesis, as no fringe homolog is expressed in the zebraﬁsh PSM
(Prince et al., 2001; Qiu et al., 2004).
Ubiquitination of Notch ligands by the E3 ubiquitin ligases
Neuralized or Mindbomb potentiates signaling by promoting inter-
nalization upon Notch binding. De-ubiquitination may facilitate
recycling of ligands to the cell surface (Nichols et al., 2007). The
intracellular domains of Deltas are poorly conserved such that they
have different potential targets for ubiquitination. deltaCtv2 for
example, lacks three lysine residues present in deltaCtv1 and could be
differentially ubiquitinated, leading to its distinct activity. The
intracellular domain seems to dictate whether or not a given ligand
can affectmidline cell fates, reinforcing the idea that this abilitymaybe
controlled by ubiquitination. deltaD lacks these same lysine residues
found in deltaCtv1 and also affects themidline, consistent with the idea
that ubiquitination differentially modulates midline Delta signaling.
It is therefore likely that a number of protein interactions and
modiﬁcations (i.e. glycosylation, ubiquitination, and ATEV domain
interactions) are responsible for differences in Delta activities. The
identities of these tissue speciﬁc modiﬁers are unknown. However,
our data clearly indicate that the cellular context must be considered
when postulating developmental functions for the Notch pathway.
The mere presence of a Notch ligand within a cell does not necessarily
indicate that ligand is capable of actively signaling to its neighbors.
Intriguingly, other examples of differential Notch activation exist. In
mouse T-cell maturation, for example, Notch activation by Dll1 or Dll4
leads to the production of two unique subsets of cytokines, suggesting
that differential Delta signaling could be relatively common (de La
Coste et al., 2005).
Finally, we have identiﬁed a transition in sensitivity to deltaCtv2
and deltaD during axial mesoderm development at the level of
somites 7–9. This transition is coincident with the onset of the
expression of the nodal inhibitor lefty1 in the posterior notochord,
suggesting that there may be developmental differences along the
length of the notochord (Thisse and Thisse, 2005). Consistent with this
reasoning, certain hox genes are expressed in the notochord at varying
positions along the AP axis, with expression of hoxc8 beginning
immediately posterior to the somite 7–9 transition (Prince et al.,
1998). Similar divisions along the notochord have been identiﬁed in
mice. A recent report demonstrated that the mouse notochord is
created via three distinct mechanisms. The anterior most notochord is
formed from a condensation of cells, anterior to and separate from themouse node. More posterior notochord is formed from the node itself,
while the tail notochord is created by cells that originate in the node,
but then migrate posteriorly. These different sections of notochord
require distinct signaling pathways, as tail notochord requires Noto
activity to form, while the intermediate notochord requires both Noto
and Foxa2 (Yamanaka et al., 2007). Urochordates, such as ascidians,
also show transitions during notochord development, as the anterior
and posterior notochord are derived from two separate cell lineages
(Jiang and Smith, 2007; Nishida, 1987). In the tunicate, Oikopleura
dioica, certain hox genes are expressed in the notochord at distinct
positions along the AP axis, similar to the expression patterns seen in
zebraﬁsh (Seo et al., 2004). Thus, axial mesoderm transitions may be a
common feature during chordate midline development. Lastly,
evidence exists of a concurrent transition during development of
the paraxial and lateral plate mesoderm, suggesting a general “mid-
trunk transition” during zebraﬁsh mesoderm development (Holley,
2006; Patterson et al., 2007, 2005; Szeto and Kimelman, 2006).
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